First-principles total-energy electronic structure calculations based on the full-potential linear-muffin-tinorbital method have been used to study the electronic and mechanical properties of the L1 2 -type ordered nickel-based intermetallics Ni 3 X ͑XϭMn, Al, Ga, Si, Ge͒. The calculated values for the equilibrium volume and elastic properties are generally in good agreement with experiments. The large shear anisotropy factor across the series is attributed to the anisotropy of the bonding charge density, which can be described by the combination of charge transfer from X to Ni and strong X p -Ni d ͑Mn d -Ni d in Ni 3 Mn͒ hybridization effect. The more pronounced directional bonding between the Ni and Si atoms compared to that between the Ni and Al atoms, and the small ͑large͒ redistribution of bonding charge in Ni 3 Al ͑Ni 3 Si͒ when the systems are under shear strain result in a stronger resistance to a shear for Ni 3 Si. The bonding charge densities for Ni 3 Ga and Ni 3 Ge are found to be similar to those for Ni 3 Al and Ni 3 Si, respectively. These results suggest that the addition of the extra p electron on the X atom increases the directionality of the bonding. The change of bonding charge directionality in Ni 3 Mn is due to the Mn d -Ni d hybridization. The calculated ratio of bulk to shear modulus of polycrystalline systems, B/G, proposed by Pugh to provide a simple rule of measuring the ease of plastic deformation, is found to correlate well with the absolute difference in the s-orbital electronegativity between the atomic constituents, and the difference in energy, E d ͑Ni͒ϪE p (X) ͓E d ͑Ni͒ϪE d ͑Mn͒ for Ni 3 Mn͔, across the series. ͓S0163-1829͑96͒01443-9͔
I. INTRODUCTION
The L1 2 -type ordered nickel-based intermetallics, Ni 3 X ͑XϭMn, Al, Ga, Si, Ge͒, provide a class of systems exhibiting unique mechanical properties that make them attractive for structural applications at elevated temperatures. 1 One of the outstanding features of plastic deformation in this class of systems is the anomalous increase in flow stress with increasing temperature ͑up to about 900 K͒, in contrast to conventional compounds. 2 Their resistance to oxidation, the low density, and the high melting temperature are also of central interest. 3 To interpret the anomalous yield behavior of the L1 2 alloys, Yoo 4 proposed that the effect of elastic anisotropy on the temperature dependence of yield stress is as important as the anisotropy of antiphase boundary energy 5 in describing the dynamical breakaway of superpartial screw dislocations from cross-slipped segments. 6 Recent measurements 7 of single-crystal elastic constants for this series indicate a large elastic anisotropy shear factor, A, ranging from 3.1 to 3.7, except for Ni 3 Ge ͑Aϭ1.72͒. It was suggested that the relatively high shear anisotropy factor across the L1 2 Ni 3 X series tends to elastically enhance the cross slip. 7 An inherent drawback to using this class of intermetallics as useful structural materials is the tendency of polycrystalline ordered stoichiometric alloys ͑except for polycrystalline Ni 3 Mn͒ to undergo brittle intergranular fracture, even though single crystals of Ni 3 X are highly ductile. 8 The available experimental data indicate a strong effect of chemistry on the tendency of grain boundaries for brittle intergranular fracture, with the resistance to fracture increasing in the order XϭGeϽSiϽGaϳAlϽMn. 8 The trend of grain-boundary energy in Ni 3 X has been found to correlate well with the difference in valency 9 and the difference in atomic ͑Pauling͒ electronegativity 8 of the atomic constituents of the compound. The electronic structure cluster calculations of Eberhart and Vvedensky 10 suggested that a more appropriate charge-transfer scale for intermetallic compounds is the relative s-orbital electronegativities. Compounds whose constituent atoms have similar ͑dissimilar͒ s-orbital electronegativity tend to form isotropic ͑anisotrop-ic͒ (s-s) bonds and are ductile ͑brittle͒. Orbital electronegativity is a measure of the power of an atom in a molecule or a solid to attract an electron to a particular orbital ͑s, p, d, . . . ͒. This differs from the Pauling electronegativity, 11 which is an atomic property that does not explicitly distinguish between different orbitals. While orbital electronegativity is environment specific, in being influenced by hybridization and charge transfer, 10 as a first approximation Eberhart and Vvedensky used s-orbital electronegativities from tabulated ground-state atomic structure calculations. 12 In this paper, we report first-principles total-energy electronic structure calculations of the elastic constants of the L1 2 -type ordered nickel-based intermetallics Ni 3 X ͑XϭMn, Al, Ga, Si, Ge͒. The elastic constants C i j determine the response of the crystal to external forces, as characterized by the bulk modulus, shear modulus, Young's modulus, and Poisson's ratio, and so play an important part in determining the strength of a material. The elastic constants measure the shear and tensile strength of crystals in the long-wavelength limit. They provide valuable information on the bonding characteristics between adjacent atomic planes and the anisotropic character of the bonding. There is also a tendency toward correlation between the elastic constants and the melting temperature of a solid. 13 Pugh 14 introduced the quotient of bulk to shear modulus of polycrystalline phases, B/G, as an indication of the extent of fracture in metals. A high ͑low͒ B/G value is associated with ductility ͑brittle-ness͒. The purpose of this work is to study the origins in the electronic structure of the variation of the elastic constants with chemical environment across the series, to correlate the trends of B/G with changes of orbital electronegativity of the constituent atoms, and to understand the nature of chemical bonds responsible for the unusual mechanical behavior of this class of systems. We also examine how the charge redistribution that accompanies strain can be related to the material's elastic properties, as suggested recently by Eberhart and co-workers. 15 From an electronic structural point of view, the obvious difference in going from Ni 3 Al to Ni 3 Si and from Ni 3 Ga to Ni 3 Ge is the addition of an extra p electron in the X atom.
The rest of the paper is organized as follows. In Sec. II, we describe briefly the under lying theory of elasticity for cubic systems as well as the total-energy electronic structure calculations, based on the full-potential linear-muffin-tinorbital ͑FLMTO͒ method. In Sec. III A, we present the results for the total energy as a function of strain, and compare the calculated results for the equilibrium lattice constants and the elastic moduli across the series with experiment. In order to gain insight into the bond directionality and the behavior of the bond rearrangement under different types of distortion, we present in Sec. III B results for the bonding charge density for the undistorted and distorted crystals. The bonding charge density, which describes the charge redistribution that accompanies strain, is ultimately responsible for the material's elastic properties. We also present in this section the l-projected density of states. Experimentally, the individual C i j can be only determined from single-crystals samples. If only polycrystalline samples are available, then only two independent elastic constants ͑such as the bulk modulus and the isotropic shear modulus͒ may be measured. 16 Using the method proposed by Hill, 17 we present in Sec. III C the results of the upper and lower bounds for the shear moduli. The correlation between the propensity for ductility (B/G) and the difference in s electronegativity between the atomic constituents is also discussed in this section. Finally, in Sec. IV a brief summary and statement of conclusions are presented.
II. COMPUTATIONAL DETAILS
The elastic constants C ͑where the letters , , , refer to Cartesian components͒ are defined by means of a Taylor expansion of the total energy of the system, E(V,⑀), with respect to a small strain ⑀ of the lattice ͑V is the volume of the system͒. The distortion of the lattice is expressed by defining a strain tensor, ⑀ , such that the primitive lattice vectors a i are transformed to the new vectors
where Î is the 3ϫ3 identity matrix. We need only consider nonrotating strains, so that we can represent the strain by a symmetric tensor with six independent components:
We have used the Voigt notation to reduce the number of indices, by replacing xx by 1, yy by 2, zz by 3, yz by 4, zx by 5, and xy by 6. In this notation, the elastic constant is written as C i j , where the new indices i and j run over 1-6. The Taylor expansion of the total energy can be written as
͑3͒
Here, V 0 is the volume of the undistorted lattice, P(V 0 ) is the pressure of the undistorted lattice at volume V 0 , ⌬V is the change in the volume of the lattice due to the strain in Eq. ͑2͒, and O [⑀ i 3 ] indicates that the neglected terms in the polynomial expansion are cubic and a higher power of the ⑀ i . There are 21 independent elastic constants C i j in Eq. ͑3͒. Symmetry reduces this number to three ͑C 11 , C 12 , and C 44 ͒ for the L1 2 cubic lattices. At any volume V, the bulk modulus B is related to the elastic constants by
By calculating C 11 and the bulk modulus B, one can extract C 12 from Eq. ͑4͒. The single-crystal shear moduli for the ͕100͖ plane along the ͓010͔ direction and for the ͕110͖ plane along the ͓110͔ direction are simply given by G ͕100͖ ϭC 44 and G ͕110͖ ϭ1/2(C 11 ϪC 12 ), respectively. The shear constant C 44 is related to an orthorhombic deformation, whereas the G ͕110͖ is related to a tetragonal deformation and its size reflects the degree of stability of the crystal with respect to a tetragonal shear. The shear anisotropy factor
provides a measure of the degree of anisotropy of the electronic charge distribution. First-principles electronic structure calculations are employed to determine E(V,⑀) for various strains. The elastic constants are then obtained from the curvatures of the total energy-strain curves. A set of three independent ab initio total-energy calculations has been performed for each compound for the following strains:
͑1͒ Uniform hydrostatic pressure to determine the equilibrium lattice constant, a 0 , and the bulk modulus,
In this case, the strain matrix elements are ⑀ 1 ϭ⑀ 2 ϭ⑀ 3 ϭ⑀ and ⑀ 4 ϭ⑀ 5 ϭ⑀ 6 ϭ0.
͑2͒ Uniaxial strain to determine C 11 , with strain matrix elements ⑀ 3 ϭ⑀ and ⑀ 1 ϭ⑀ 2 ϭ⑀ 4 ϭ⑀ 5 ϭ⑀ 6 ϭ0.
͑3͒ Pure shear strain to determine C 44 , with strain matrix elements, ⑀ 6 ϭ⑀ and ⑀ 1 ϭ⑀ 2 ϭ⑀ 3 ϭ⑀ 4 ϭ⑀ 5 ϭ0. This calculation is not volume preserving and the projections of the unit-cell basis vectors along x and y axis are fixed to the value a 0 .
Using the above-mentioned strains, we have calculated the total-energy self-consistently by means of first-principles electronic structure calculations, based on the FLMTO method. 18 The calculations of the elastic constants were done at the calculated equilibrium volume. Because the atomic bonding in intermetallics has both metallic and directional characteristics, a full-potential approach is essential. 19 In the FLMTO method, no shape approximation is made to the potential and the charge density. The density and potential are expanded in cubic harmonics inside nonoverlapping muffintin spheres and in a Fourier series in the interstitial region. Spherical harmonic expansions were carried through l max ϭ8 for the bases, potential, and charge density. Exchange and correlation were treated in the local-density approximation ͑LDA͒ using a form due to Ceperly and Alder 20 as parametrized by Perdew and Zunger. 21 The application of strain on the lattice implies a lowering of symmetry from that of the bulk crystal and the strain energy involved is small, typically of the order 0.005 eV/atom or less for a 1% strain. Therefore, very accurate total-energy calculations are required. The representative points in the Brillouin zone are chosen according to the special points scheme. 22 The number of k points was increased until the total energy was converged to less than ϳ0.1 mRy. For the calculations of the bulk modulus we used 84 k points in the irreducible portion ͑1/48͒ of the Brillouin zone; the calculations of C 11 and C 44 , which involve a lowering of the symmetry, were carried out with 126 and 125 k points in the 1/16 and 1/8 portion of the Brillouin zone, respectively. To ensure convergence in k space, we carried out total-energy calculations for the C 44 for Ni 3 Ga using 216 k points; this resulted in a change of only 0.1% in its value.
The basis set comprises augmented linear muffin-tin orbitals 18 containing 3d, 4s, 4p partial waves for the nickel and manganese sites, 3s, 3p, and 3d orbitals for the silicon and aluminum sites, 4s, 4p, and 4d orbitals for the germanium sites ͑the 3d Ge states were treated as core states͒, and 3d ͑semicore states͒, 4s, and 4p orbitals for the gallium sites. The muffin-tin ͑MT͒ radii were kept constant for the various strains and were chosen to be equal for both the Ni and X MT spheres. The tails of the basis functions outside their parent spheres were linear combinations of Hankel or Neuman functions with nonzero kinetic energy 2 ͑the kinetic energy of the basis functions in the interstitial region͒. Two sets of tail parameters with the same energy parameter 18 were used: the first was set to the average interstitial kinetic energy of the Ni p, d states and the X p, X d states, and the second was set to the average interstitial kinetic energy of the Ni s and X s states. These parameters were reset at each iteration. This method of choosing the various tail parameters has been found in a number of tests to reliably give those values which minimize the total energy.
III. NUMERICAL RESULTS AND DISCUSSION

A. Elastic constants
In Fig. 1 we plot, as a typical example of the series, the energy E(V,⑀) versus strain, ⑀, for the three different types of strains discussed in Sec. II for Ni 3 Ge. The total energy has been calculated for five to seven different distortions for each of the three different deformations of the lattice. The bulk modulus and the elastic constants C 11 and C 44 , are then obtained by means of polynomial fits. The polynomial fit to the points in Fig. 1 was truncated after the third-order term. The third-order component of the fit was always affecting the total energy by an amount which is less than an order of magnitude compared with the second-order term.
In Table I , we list the calculated and experimental 7, 23, 24 values of the equilibrium lattice constant and the bulk modulus across the Ni 3 X series. The elastic constants were calculated at the theoretical equilibrium volumes. Also listed in the same table are the results of full-potential LAPW electronic structure calculations for Ni 3 Al ͑Refs. 25 and 26͒ and for Ni 3 Si, 27 respectively. Our LDA results for the equilibrium lattice constants are within 2-4 % of the experimental values. This type of error for the equilibrium lattice constant is expected in the LDA. The calculations overestimate the bulk modulus by about 30% ͑a common feature of calculations based on the local-density approximation͒. The calculated bulk modulus for Ni 3 Ga, which shows the largest dis- The calculated elastic constants for the Ni 3 X series are compared to available experimental data and the results of other calculations in Table II . No elastic constants have been reported experimentally for Ni 3 Si. The calculations overestimate the elastic constants systematically. The agreement between theory and experiment sometimes is fair ͑ϳ30-40 %͒ and sometimes somewhat less satisfactory. For Ni 3 Ga our calculations fail to reproduce the experimental data for the elastic constants. For this compound and Ni 3 Ge, the calculated tetragonal shear constant is ϳ80% too large. Electronic structure calculations for Ni 3 Ga using two sets of ''energy panels, '' 18 one with energies appropriate to the semicore Ga 3d state, and the other appropriate for the valence states, yield values for the elastic constants which are within 5% of those listed in Table II . The large discrepancy for Ni 3 Ga might be due to the poor treatment of the semicore 3d Ga states. Our LDA results may be improved by using the generalized gradient approximation ͑GGA͒ for the exchangecorrelation functional. 29 A quantitative measure of the directionality of the bond, suggested by Eberhart and co-workers 15, 30 is related to the curvatures of the charge density at the bonding critical point ͑bcp͒. The critical points, defined by the zeros of the gradient of the charge-density field, confer a unique topology upon the charge density. There are four types of critical points in a three-dimensional space: a local minimum, a local maximum, and two kinds of saddle points. A bond between a pair of atoms is characterized by the saddle point with two maxima and one minimum, the so-called bonding critical point. The charge densities in the L1 2 compounds studied in this work are found to be topologically equivalent to an fcc structure which can be described by the packing of two types of polyhedra-tetrahedra and octahedra. 15 As proposed by Eberhart, 31 we have calculated the charge-density curvatures, oo and tt , corresponding to the directions from the bcp to the octahedral and tetrahedral minima, respectively. We have calculated also the curvature of the charge density, ʈ ʈ , parallel to the bond. Eberhart and co-workers have suggested that these curvatures provide a measure of the bond directionality: an increase of directionality is associated with an increase of oo and tt . We find that oo and tt at the bcp between the Ni and X ͑Al or Si͒ atoms change significantly from Ϫ0.022 Hecker ͑Hkϭelectrons per bohr indicate larger bond directionality in Ni 3 Si than Ni 3 Al and are consistent with the larger elastic moduli of Ni 3 Si. The large anisotropy factor across the series suggests an anisotropic bonding charge density. It has been recently proposed 4 that large values of A can give rise to the driving force ͑tangential force͒ acting on screw dislocations to promote the cross-slip pinning process. The condition for the cross-slip pinning model 6 is ͓3A/(Aϩ2)͔␥ 1 /␥ 0 Ͼ), where ␥ 1 and ␥ 0 are the antiphase boundary energies of the ͕111͖ and ͕100͖ planes, respectively. Thus, the relatively high shear anisotropy factor across the L1 2 Ni 3 X series tends to elastically enhance the cross slip.
B. Electronic structure
The mechanical strength of materials is due ultimately to the atomic bonding strength. The shearing along a certain direction involves the stretching of bonds and the termination of the elastic regime involves the breaking of bonds. Eberhart et al. have shown that the charge redistribution that accompanies strain ͑or fracture͒ is ultimately responsible for a materials' elastic properties. 15 The charge redistribution as atoms are brought together to form the crystal or as strain is applied to the solid can be represented by the bonding charge density, defined as the difference between the total charge density in the solid and the superposition of neutral atomic charge densities placed at atomic sites, 19 i.e.,
In order to understand the change of elastic constants on going from Ni 3 Al to Ni 3 Si, we plot in Figs. 2 and 3 the bonding charge density on the ͑001͒ and ͑002͒ planes, respectively. The ͑001͒ plane contains both X and Ni atoms, while the ͑002͒ plane contains solely Ni atoms. The solid and dotted curves represent contours of increased ͑accumulation͒ and decreased ͑depletion͒ electronic charge density, respectively. We find that the depletion of charge at the X ͑Al or Si͒ sites is accompanied by significant anisotropic buildup of the directional d-bonding charge at the nickel sites. The charge transfer from X to Ni is in accord to the Pauling electronegativity difference. The bonding charge accumulation at the Ni site is along the nearest-neighbor ͑NN͒ Ni-X and next-nearest-neighbor ͑NNN͒ Ni-Ni direction. The bonding directionality is caused mainly by the polarization of the p electrons at the X sites as a result of the p-d hybridization effect. One can see that while in Ni 3 Al there is a significant buildup of interstitial bonding charge at the octahedral sites ͑between the NNN X atoms͒, in Ni 3 Si there is a depletion of bonding charge at the corresponding sites. The more pronounced directional bonding between the Ni and Si atoms, compared to that between the Ni and Al atoms, is responsible for the stronger resistance to shear in Ni 3 Si, as indicated by the larger values of shear moduli of Ni 3 Si.
As can be seen in Fig. 3 , even though there is a larger charge accumulation at the octahedral interstitial sites in Ni 3 Al, the bonding charge density on the ͑002͒ plane for the two systems is qualitatively similar. While the bonding charge on the ͑001͒ plane is mainly due to the X p-Ni d hybridization, that on the ͑002͒ plane is due to Ni d -Ni d hybridization. The d-d hybridization between the NN Ni atoms results in a charge difference which shows a dd bonding character. The presence of interstitial charge at the octahedral sites on these planes enhances the bonding between the NNN Ni atoms. The strong directionality of the Ni-Ni NN bonds introduces larger resistance to shear along the ͓100͔ direction. This explains the smaller value of G ͕110͖ as compared to G ͕100͖ . The bonding charge density of Ni 3 Ga and Ni 3 Ge resemble those of Ni 3 Al and Ni 3 Si, respectively. The calculated values of the shear moduli for Ni 3 Ge compared to these of Ni 3 Ga suggest that the compounds with two X p electrons are more difficult to shear.
The bonding charge density of Ni 3 Mn on the ͑001͒ and ͑002͒ planes is shown in Figs. 4͑a͒ and 4͑b͒ , respectively. In contrast to the case of Ni 3 Al or Ni 3 Si where the Ni p -X p hybridization was found to be dominant, in Ni 3 Mn the bonding charge density is dominated by the Ni d -Mn d hybridization. The resulting redistribution of the bonding charge density between the NN Ni and Mn atoms is quite different: the bonding charge accumulation at the Ni site on the ͑001͒ plane is now along the NNN Ni-Ni direction; this change of bond directionality results in a reduction of the shear modulus G ͕100͖ ϭC 44 compared to G ͕110͖ . Furthermore, as can be seen clearly in Fig. 4͑b͒ , the interstitial charge is depleted at the octahedral site on the ͑002͒ plane and the bonding-charge directionality of the Ni atoms on this plane is greatly reduced.
In order to gain insight into the microscopic origin of the variation of bonding charge density across the Ni 3 X series, The l-and site-projected DOS of Ni 3 Mn are shown in Fig. 5͑b͒ . It is clearly seen that the hybridization is so strong that the narrow Mn d states centered about the Fermi energy overlap with the Ni d states over the whole energy region from Ϫ0.4 to 0.2 Ry relative to E F . In contrast to the case of Ni 3 Si, E F lies on a sharp peak which is mainly made up of Mn 3d states. From the partial DOS it can be seen that the Ni d character is found predominantly in the region below E F , while the Mn d states are located mainly above E F ; therefore, the Mn valence electrons are transferred into the Ni sites, which agrees with electronegativity considerations and the results of bonding charge density shown in Figs. 4͑a͒ and  4͑b͒ . Calculated values of the Fermi energy E F , of the total density of states at E F , and of the l-and site-projected density of states at E F across the Ni 3 X ͑XϭMn, Al, Ga, Ge, Si͒ series are listed in Table III . The DOS at E F , which is composed mainly of Ni 3d states ͑except for Ni 3 Mn͒, decreases on going down the column indicating a decrease in metallic character. The values of the DOS at E F of 116.2 states/͑Ry unit cell͒ and 89.3 states/͑Ry unit cell͒ for Ni 3 Mn and Ni 3 Al, respectively, are in good agreement with the corresponding values of 118.0 states/͑Ry unit cell͒ 32 and 100.7 states/͑Ry unit cell͒ 26 found in previous calculations. An understanding of the mechanical properties of a material hinges on our ability to understand how the electron density in arbitrary volume elements will respond to an applied strain. 15 In this work, the elastic modulus tensor was shown to involve a term related to the charge redistribution resulting from the applied strain. Thus, we next present the results for the redistribution of bonding charge when the systems undergo different types of deformation. The bonding charge density of Ni 3 Al and Ni 3 Si on the ͑001͒ plane are shown in Figs. 6͑a͒ and 6͑b͒ , respectively, when the systems are under 4% shear strain in the ͓100͔ direction. Comparison with the bonding charge density of the undistorted systems in Fig. 2 , shows that a shear in Ni 3 Al results in a small rearrangement of bonding charge between NNN Ni-Ni atoms. On the other hand, a shear in Ni 3 Si is accompanied by a large redistribution of the NN Ni-Si bonding charge at the nickel site; the bonding charge is greatly reduced along the long diagonal direction and there is some depletion of charge at the Ni site along the short diagonal direction. The calculated bonding charge densities in the ͕110͖ and ͕110͖ planes show a larger charge redistribution in Ni 3 Si than Ni 3 Al, similar to that found in the ͕001͖ plane. These results as well as those of the larger bond directionality mentioned above are consistent with the trend of C 44 on going from Ni 3 Al to Ni 3 Si. Such correlation between bond directionality and resistance to shear has also been found in other simple systems.
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C. Polycrystalline bounds on elastic constants
A problem arises when single-crystal samples are not available, for then it is not possible to measure the individual elastic constants C i j . Instead, the isotropic bulk modulus B In Table IV we present the calculated polycrystalline shear modulus G, the B/G ratio, and the isotropic Young's modulus Eϭ9BG/(3BϩG). For comparison, the experimental results, where available, are also included. 7 Our calculated results for B/G agree within ϳ20% with experiment, except for Ni 3 Mn, where the disagreement is due to the large calculated value of B, listed in Table I . As mentioned earlier in Sec. I, Pugh 14 introduced the quotient of bulk modulus to the shear modulus, B/G, as an indication of the extent of fracture in metals. The resistance to plastic deformation is proportional to the elastic shear modulus G and the Burgers vector b, while the fracture strength is proportional to the bulk modulus B and the lattice constant a. The ratio B/G is associated with the ease of plastic deformation: a high value indicates ductility, while a low value indicates brittleness. Although attributing the extent of the range of fracture solely to the B/G parameter is highly simplistic, it nevertheless indicates the tendency of brittleness across the Ni 3 X series. Interestingly, the B/G ratio is found to decrease from Ni 3 Mn to Ni 3 Si, suggesting a corresponding decrease in the degree of ductility. This trend of B/G is similar to that of the tendency for a brittle intergranular fracture, with the grainboundary cohesive strength changing in the order XϭGeϽSiϽGaϳAlϽMn. 8 Adopting any single characteristic as indicative of brittle behavior is highly simplistic and can result in conflicting classifications for a particular material. 15 Nevertheless, several experimental and theoretical investigations suggest a correlation between the tendency for brittle behavior with specific material properties. Thus, the tendency for intergranular fracture across the Ni 3 X series has been found to correlate with the difference in valency 9 and the difference in atomic ͑Pauling͒ electronegativity 8 of the atomic constituents of the compound. Takasugi and Izumi 9 concluded from their experimental work that as the absolute value of the valency difference increases the grain boundary becomes weaker. The electronic structure cluster calculations of Eberhart and Vvedensky 10 suggested two regions of behavior in the binary-alloy structures ͑L1 0 and L1 2 ͒ that they investigated: one in which the alloys were characterized by intrinsically brittle behavior, and another in which they were characterized by intrinsically ductile behavior. It was demonstrated that plots of A versus B atom s-orbital electronegativities for an A 3 B compound, resulted in a partitioning into regions with similar mechanical properties. Compounds whose constituent atoms have similar s electronegativities tend to be ductile. Tables IV and V, shows that the calculated B/G, which as alluded earlier, provides a simplistic measure of the ease of plastic deformation, 14 correlates well with both the absolute difference in s-orbital electronegativity and E d ͑Ni͒ϪE p (X) across the series. Also, we find that B/G correlates well with the total density of states at E F ͑listed in Table III͒ . As can be seen, the propensity for ductility, as measured by B/G, increases linearly as E d ͑Ni͒ϪE p (X) or the absolute difference in s-orbital electronegativity decreases. This trend is similar to that found by Eberhart and Vvedensky.
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IV. CONCLUSION
We have studied the elastic properties of the L1 2 -type Ni 3 X ͑XϭMn, Al, Ga, Ge, Si͒ series using first-principles total-energy electronic structure calculations based on the full-potential LMTO method. We have calculated the electronic structure, equilibrium volume, and elastic properties across the series. The results are in overall agreement with experiment and other available theoretical work. The shear moduli increase on going from Ni 3 Mn to Ni 3 Si. The relatively high shear anisotropy factor, which tends to enhance the cross slip, is due to the anisotropic bonding charge density. The bonding charge density can be described by the combination of charge transfer from X to Ni and a strong X p -Ni d ͑Mn d -Ni d in Ni 3 Mn͒ hybridization effect. The more pronounced directional bonding between the Ni and Si atoms compared to that between the Ni and Al atoms is responsible for the larger shear moduli of Ni 3 Si. Thus, the addition of an extra p electron on going from Ni 3 Al to Ni 3 Si and from Ni 3 Ga to Ni 3 Ge results in a more directional bonding charge density and hence larger resistance to the shear. The rearrangement of the bonding charge when the systems undergo deformation indicates that the redistribution is small for Ni 3 Al and large for Ni 3 Si. These results are consistent with the larger shear moduli of Ni 3 Si. The bonding charge directionality changes in Ni 3 Mn due to the Ni d -Mn d hybridization.
The calculated isotropic shear moduli for polycrystalline phases are in overall agreement with experiment. Even though adopting any single characteristic as indicative of ductile behavior is highly simplistic, our electronic structure results indicate that the B/G ratio, proposed by Pugh to provide a simple rule for measuring the ease of plastic deformation, decreases from Ni 3 Mn to Ni 3 Si; and that the trend of B/G across the series correlates well with the absolute difference in the s-orbital electronegativity between the atomic constituents, the difference in energy, E d ͑Ni͒ϪE p (X), ͓E d ͑Ni͒ϪE d ͑Mn͒ for Ni 3 Mn͔, and the total density of states at E F . This trend for B/G is similar to that found for the tendency for brittle intergranular fracture, with the grainboundary cohesive strength changing in the order XϭMn ϾAlϳGaϾGeϾSi.
metallic Alloys ͑Ref. 4͒, p. 343. 
